T his report is a concise review of current knowledge of the structure and function of the intima of the aorta and the major distributing arteries. The main purpose of the review is to delineate normal arterial intima from atherosclerotic lesions and, in particular, to distinguish physiological adaptations from atherosclerotic increases in intimal thickness. To characterize normal intima, including the adaptive intimal thickenings, some of which represent locations in which atherosclerotic lesions are prone to develop, the structure, composition, and functions of the arterial intima in young people as well as in laboratory animals not subjected to known atherogenic stimuli are reviewed.
of tissue sampling and preparation are responsible for some discrepancies among the many studies. Artifacts of technique may be acceptable and discrepancies reconciled if the associated changes are recognized, evaluated, compensated, and standardized.
For example, when dimensions and structure of arterial intima and atherosclerotic lesions are to be assessed, fixation of vessels while distended at mean arterial pressure is essential to approximate as closely as possible, and under standard conditions, the in vivo state. Configurational distortions and tissue disruptions associated with collapse and retraction of an artery or with improper tissue handling have been misinterpreted as abnormalities in many studies. Some of the artifacts have been reported in the literature as lesions. Focal physiological adaptations in intimal thickness have, for example, been thought to represent arterial stenoses or occlusions because of protrusion of the intima into the lumen when arteries were studied in the collapsed and contracted state ( Figure 1 ). When elastic arteries are released and removed from their supporting tissues, they contract by about one third.
Because intimal structure is in part related to arterial geometry, samples for study should be obtained in a standardized manner that is reproducible and representative. The sampling should have a defined and consistent relation to anatomic landmarks such as the origins of specific branch vessels. However, the size of the samples taken for study should not be too small to be representative, for small shifts in vessel geometry with respect to branches and with regard to circumference influence both the extent and location of adaptations of the intima. Standardization of quantitative techniques for evaluating tissues is especially important with regard to the current development of automatic or semiautomatic measuring devices. For example, it is essential that adequate methodological details are FIGURE 1 (left). Light micrograph of a 1-p.m-thick section through the wall of the distal left main coronary artery of a healthy young adult rhesus monkey that had been eating food low in cholesterol (serum cholesterol 130 mg/dl). An adaptive intimal thickening of the eccentric pattern protrudes into the lumen. The thickening appears greater after death than it was in life because the artery was fixed in the collapsed state. Endothelial cells (e) line the intimal thickening at the lumen. Arrows, internal elastic lamina; M, media; A, adventitia. Magnification x 740. FIGURE 2 (right). Light micrograph of a 1-pm-thick section through the outer wall of the proximal left anterior descending coronary artery of a 16-month-old boy. The eccentric intimal thickening present consists of a proteoglycan-rich (pgc) layer and a musculoelastic (me) layer and is without evidence of lipid accumulation or other atherosclerotic change. The eccentric thickening is crescent-shaped (concave) because the artery wasfixed by perfusion at physiologicalpressure. Although a clear-cut intemal elastic lamina is not present in this section, the media (M) can be distinguished from the intima by following the media around the circumference of the artery to a point (not seen in this picture) where the intemal elastic lamina is present. e, Endothelial cells at lumen; A, adventitia. Homicide was the cause of death. included in descriptions of image analysis systems and the data they produce.
Artifacts of cell and tissue morphology have been caused by changes that occur during the interval between death and fixation. The various cell types, and the integrity of cell organelles and matrix components, are affected differently. Conditions such as temperature and fluid balance modify the rate at which tissue alterations develop. Endothelial cells and some organelles such as mitochondria of any cell type deteriorate especially rapidly after death. Such considerations must be taken into account in interpretations of studies on the ultrastructural and molecular level.
Definition of Arterial Intima
The intima is defined as the region of the arterial wall from and including the endothelial surface at the lumen to the luminal margin of the media. The internal elastic lamina, generally considered part of the media, denotes the border between intima and media. However, a well-defined internal elastic lamina is absent in some parts of geometric transitions of arteries such as bifurcations, branch vessels, and curvatures. Thus, in these regions, recognition of the demarcation between intima and media may be difficult.
The thickness of arterial intima is not uniform. The criteria for normal thickness should recognize a broad range conveniently expressed quantitatively as the intima:media ratio. The ratio may vary from about 0.1 to 1.0 or more in normal arteries of humans. ' Thick segments of intima exist in arteries obtained from healthy human subjects of all ages and from many other species. The thick segments may be focal (eccentric) or they may be more extensive (diffuse). They represent physiological adaptations to changes in flow and wall tension.
At vascular transitions such as bifurcations or trifurcations, normal structural reorganizations of the arterial wall, themselves localized thickenings, may overlap or fuse with intimal thickening caused by physiological adaptation. Structural reorganizations involve thickening of the deep (musculoelastic) intima layer and of the adjacent inner media. In regions of vascular transitions, the internal elastic lamina is partly or completely absent, and the intima and media may appear as a unit, indistinguishable from each other. Although it is sometimes difficult to distinguish how much of a particular thickening is intima or media and how much is of the adaptive or reorganizational type, the structures are composed of normal elements, differing clearly from atherosclerotic changes and other conditions. The difference between normal and pathological structure is clear when vessels are studied with appropriate methods.
The arterial intima is composed of two layers ( Figure 2 Eccentric intimal thickening is a relatively abrupt and focal increase in the thickness of the intima associated with branches and orifices. At an arterial bifurcation, the thickening involves about half the circumference (i.e., the outer wall, that opposite the flow divider) of the parent and daughter vessels and extends for a short distance along the length of the artery proximal and distal to the flow divider. In arteries fixed under physiological pressure, the structure is a crescent-shaped increase in intimal thickness (Figure 2 ). Eccentric thickening has been seen in coronary, carotid, cerebral, and renal arteries, although the extent and thickness were not described precisely in some arteries. In human coronary arteries, eccentric thickening has been observed from the first week of life and thereafter, although considerable individual variation in degree is found.' Its three-dimensional extent has been graphically outlined. 4 Diffuse intimal thickening is a spread-out and often circumferential pattern of adaptive intimal thickening not clearly related to specific geometric configurations of arteries. In coronary arteries the degree of thickening is less than that of eccentric thickening, although more the extent of some arteries. More information could be acquired through microscopic studies; however, an inordinate number of microscopic sections would be required to map, for example, the intima of the human aorta precisely. Variation between persons and possible changes with age complicate the mapping.
Adaptive increases in intimal thickness do not obstruct the vascular lumen, although they may appear to do so in improperly fixed vessels (see "Role of Laboratory Technique in Evaluation of the Arterial Intima" and Figure 1 ). In particular, adaptive thickenings of the eccentric pattern appear as localized bulges into the lumen in arteries that were allowed to collapse and contract. Some adaptive intimal thickenings coincide with locations at which advanced atherosclerotic lesions develop early (atherosclerosis-prone locations). The relation between adaptive intimal thickening and atherosclerosis is discussed in a subsequent section of this report. Adaptive thickening can be clearly recognized by light microscopy of sections 1 ,um thick. The microscopic composition is that of arterial intima in general (described in "Definition of Arterial Intima"), except for proportional increases in thickness. In thickenings of the eccentric pattern, the two normal layers of the intima are distinct and prominent.
Regions of the intima with adaptive increases in thickness differ functionally from adjacent, thinner regions. The turnover of endothelial cells5 and smooth muscle cells6 and the concentrations of low density lipoproteins7,8 and other plasma components are increased in adaptive intimal thickening compared with adjacent segments of intima without thickening. These increases should not be considered abnormal unless they enter a range associated with tissue damage.
In some laboratory animals (dogs,9 rabbits,10'11 pigs,12"3 and rats"), physiological differences in Endothelial cells have a variable turnover rate. The thymidine labeling index for the aortic endothelium of normal mature rats is less than 1.0 (i.e., less than 1.0% of the total population of cells enter the S phase of the cell cycle in a 24-hour period), and there is a tendency for higher labeling on the dorsal than on the ventral surface of the thoracic aorta.85 Labeling is higher around the mouths of branches originating from the aorta in guinea pigs5 and higher in areas of Evans blue staining in pig aortas. 86 Sade et al87 found that labeling of rat aortic endothelial cells decreased greatly with age.
Arterial endothelial cells contain a complex system of interendothelial cell junctions that include both tight and gap junctions.88 The majority of endothelial cell-smooth muscle cell contacts are via gap junctions, where cytoplasmic bridges pass through fenestrations in the internal elastic lamina. 89 Arterial endothelium is permeable to all plasma proteins. The final concentration of these proteins in the intima is apparently dependent on the degree of retention (trapping) and rates of degradation and efflux. 90 Transcytosis and passage through intercellular junctions are both probable pathways for the transport of macromolecules across the endothelium. 91 The rates of transport of lipoproteins and other macromolecules across the endothelium appear to be dependent on the plasma concentration and on the size and charge of the particles or proteins92 as well as on the location along the arterial tree and the age, blood pressure, and vascular tone of the individual.93 '94 Under normal conditions, the endothelium does not support the adherence of platelets or the formation of thrombi. This thromboresistant property appears to be dependent on the endothelial cell membrane content of thrombomodulin and its ability to bind thrombin. 95 The thrombomodulin-thrombin complex in turn activates protein C, which complexes with protein S and inactivates coagulation factor Va. 96 In addition, endothelial cells may derive thromboresistance from their ability to metabolize the platelet aggregating agents adenosine diphosphate, serotonin, angiotensin, and prostaglandin F, and to synthesize and secrete plasminogen activator97 and prostacyclin.71, 98 The normal arterial endothelium also does not support the adherence of large numbers of leukocytes. However, in vitro studies have shown that upon activation of endothelial cells from human umbilical veins with cytokines, such as interleukin-1 and tumor necrosis factor, or oxidized LDL, there is a large increase in leukocyte adherence that may be due to the expression of leukocyte-specific adherence molecules. These are referred to as endothelial-leukocyte adhesion molecules and intercellular adhesion molecules, which are specific for monocytes/neutrophils and lymphocytes respectively. In normal human,' nonhuman primate,126 pig,41 and rabbit38 intima, the proportion of rough endoplasmic reticulum-rich smooth muscle cells is greatest in the subendothelial portions of the proteoglycan-rich intima layer. In rats, smooth muscle cells in the eccentric intimal thickenings at arterial branch points were identical to smooth muscle cells elsewhere in the arterial wall. 127 The precise age at which smooth muscle cells appear in the intima has not been determined, but smooth muscle cells were described by Thoma14 in the aortic intima of two human fetuses at 30-33 weeks of gestation. Langhans128 described cells in the aortic intima of a human infant dead 4 days after birth only as spindle-shaped cells. Wolkoff,16 who studied the coronary arteries of nine human subjects ranging in age from 8 months to 50 years, also recognized the cells in intimal thickening to be smooth muscle cells. Stary' stated that smooth muscle cells were present in the coronary arteries of each of the 63 infants and children under the age of 5 years whom he studied.
A progressive increase in the degree of intimal thickness has been described in the postnatal period. 16,2l,29,l28 It is unknown whether this is caused by intramural division of cells or by migration of medial smooth muscle cells into the intima. Radioautographic studies with tritiated thymidine, conducted primarily in rabbits,6,129 suggest that an increase in the number of cells occurs through mitosis of existing intimal smooth muscle cells. On the other hand, migration of cells from the media into the intima is suggested by the observation of medial smooth muscle cells in gaps of the internal elastic lamina.130 At present there is no proof, however, that this phenomenon represents transmigration of medial smooth muscle cells into the intima, although migration of smooth muscle cells clearly can occur under certain conditions.l31
An increase in the number of smooth muscle cells in the developing intima by mitosis could be a response to growth regulatory molecules such as growth factors. To date, there is no information about the expression of growth factors or their accompanying receptors by normal intimal smooth muscle cells in either humans or animals. However, there is evidence that platelet-derived growth factor, platelet-derived growth factor receptors, and insulinlike growth factor-1 are expressed by smooth muscle cells from normal rat aorta. 132 Smooth muscle cells can remove deposited lipoproteins by expression of LDL receptors, phagocytosis, or both.133 '134 The presence of autophagosomes in some smooth muscle cells and of small quantities of cell debris in the extracellular matrix of arterial intima (and media) have been reported in unmanipulated and apparently healthy rhesus monkeys,135 rabbits,38 and rats. 136, 137 Evidence of smooth muscle cell damage or death has not been reported for undiseased human arterial intima but, based on the animal evidence, it can be assumed to occur. The main functional properties of smooth muscle cells in the arterial intima are summarized in Table 2 
Matrix of Arterial Intima General Comments
The extracellular matrix is a major component of normal arterial intima, particularly in areas of intimal thickening. It constitutes up to 60% of the volume of the intima. The matrix is important as the medium through which essential nutrients are transported across the intima, the site for accumulation of products elaborated by the various intimal cells, the site for accumulation of cell debris, and the avenue for migration of cells entering and traversing the intima.
Because the intima can consist of variable amounts of smooth muscle cells while the number of endothelial cells remains about the same, its extracellular matrix will consist of differing proportions of the matrix products secreted by the two cell types. Proteoglycans Proteoglycan molecules, because of their large physical size, concentration, and ionic properties, function in arterial permeability, filtration, ion exchange, transport and deposition of plasma materials, and regulation of cellular metabolism.
The nature, identity, and precise localization of proteoglycan types in the normal human intima has not been resolved. Ruthenium red staining of pig and rabbit aortas indicate that the subendothelial space contains large chondroitin sulfate proteoglycans that may or may not be similar to the chondroitin sulfate proteoglycan in the intercellular space of the media.3"162 There is increased proteoglycan163 in normal human arterial intima containing several smooth muscle cell layers (intimal thickening). In normal human coronary arteries, the contents of dermatan sulfate and chondroitin sulfate increase with age. By electron microscopy,192-'94 the elastic fibers of the media include two distinguishable components: an amorphous component, elastin, which does not possess any regular repeating structure or banding pattern, and a microfibrillar component. In the musculoelastic layer of intima, and particularly in eccentric intimal thickening, elastic fibers are prominent and mimic those of the media. With increasing age there is a decrease in the elastin content (relative to collagen) in the entire grossly normal human aorta. '95 The precursor to the elastin component of the elastic fiber is tropoelastin, which is secreted from cells as a protein with a molecular weight of 72,000.196-200 Both smooth muscle cells12",201202 and endothelial cells203'204 have been reported to synthesize elastin.
Fibronectin and Laminin
Other components such as fibronectin and laminin are also present in the extracellular matrix of normal intima.205 Fibronectin is a high-molecular-weight, multifunctional, ubiquitous, adhesive glycoprotein found on cell surfaces, in extracellular matrixes, and in blood. The molecule functions in cell-cell adhesion and cell-substrate adhesion, cell motility, and specific binding of molecules through specialized domains in the molecule. Most notable are the collagen-binding domain, the heparin-binding domain, and the cell membrane-binding domain, through which cell-matrix interactions occur. Laminin, another major noncollagenous glycoprotein, along with heparan sulfate proteoglycan and type IV collagen, is a major component of the basement membrane underlying the endothelium. In vitro stud-ies have demonstrated that laminin accelerates the attachment of endothelial cells to type IV collagen but not to other collagen types. 
